In this review, we discuss the possible pathophysiological mechanisms and the role of arterial stiffness as a biomarker, a blood pressure-independent predictor of cardiovascular morbidity and mortality. The effects of different antihypertensive drug classes on noninvasively assessed markers of arterial stiffness are also discussed. Current evidence will be reviewed regarding the effect of drugs on arterial stiffness, including the peripheral and central effects of angiotensin-converting enzyme inhibitors, angiotensin receptor antagonists, dihydropyridine calcium channel blockers, beta blockers (including vasodilating beta blockers), diuretics, and mineralocorticoid antagonists.
A meta-analysis by the BP Lowering Treatment Trialists' Collaboration from randomized, controlled trials demonstrated significant differences in cause-specific outcomes due to beneficial effects of individual antihypertensive agents. 13 The Losartan Intervention For Endpoint Reduction in Hypertension (LIFE) 14 study and the Anglo-Scandinavian Cardiovascular Outcomes Trial (ASCOT) 15 compared antihypertensive regimens with an angiotensin receptor blocker (ARB) (losartan with or without a diuretic) or a calcium channel blocker (CCB) (amlodipine with or without perindopril) with beta blocker (atenolol) treatment. In the LIFE study, cardiovascular death, stroke, and myocardial infarction were reduced by losartan vs atenolol in hypertensive patients with left ventricular hypertrophy. In the highest vs lowest quartile of pulse pressure (PP), there was a significantly increased risk for stroke and total mortality with atenolol-based treatment. Williams et al 16 describe findings of the Conduit Artery Function Evaluation (CAFE) study, a substudy of ASCOT, 15 which compared the effects of atenololbased and amlodipine-based regimens on central aortic pressure and hemodynamics in 2199 hypertensive patients. Data from this study suggest a significant reduction in arterial systolic BP (SBP) and PP in hypertensive patients treated with CCBs compared with those taking beta blockers, whereas peripheral BP did not show a difference between groups. Central BP and cardiohemodynamic parameters were assessed using applanation tonometry to evaluate arterial stiffness. One interesting finding of the CAFE study 16 was that beta blockers did not lower central SBP as much as CCBs, supporting the idea that therapy with antihypertensive agents may have different effects on arterial stiffness, and thus, central hemodynamic parameters despite a similar effect on brachial artery BP. Selecting antihypertensive agents that not only lower brachial artery BP but have a favorable impact on central BP and arterial stiffness may be an important consideration in selecting the optimal cardiovascular drug therapy.
In the following discussion, we will review individual antihypertensive agents and their effects on noninvasively assessed markers of arterial stiffness, that is, augmentation index (AIx), pulse contour analysis, and pulse wave velocity (PWV) in patients with arterial hypertension. The assessment of AIx and central BP from radial pulse-derived waveforms using applanation tonometry 17, 18 and the assessment of carotid-femoral aortic PWV are considered by some to be the most reliable measurements to evaluate arterial stiffness. 6 Data suggest that increased PWV predicts a greater risk of cardiovascular morbidity and mortality in patients with comorbidities such as hypertension, 9 diabetes mellitus, 19 and end-stage renal disease 20 compared to those without these conditions. 5,21
Beta-adrenergic Blockers
Beta blockers have been well-studied in regard to their effect on brachial arterial and central BP. Recent data suggest that they may be inferior to other antihypertensive drugs and in preventing stroke, 22, 23 an observation that may be partially explained by different effects of beta blockers on peripheral vs central BP. For example, the reduced effectiveness of atenolol on central BP and arterial stiffness parameters has been shown in several studies. In the Preterax in REgression of Arterial Stiffness in a contrOlled double-bliNd (REA-SON) study, 24 a subgroup of 124 patients treated with either 50 or 100 mg atenolol daily were analyzed at baseline and again after 1 year of treatment. The effect on brachial arterial BP was more pronounced than on central aortic SBP (16.2 vs 8 mm Hg decrease). In this study, central PP showed a nonsignificant increase of 2.3 mm Hg after treatment with atenolol, suggesting an increase of PW reflection measured by an increased AIx of 2.5%. Two small randomized, double-blind, crossover studies conducted by Dhakam et al 25 and Morgan et al 26 came to similar conclusions. Dhakam et al 25 compared atenolol 50 mg with nebivolol 5 mg in 16 patients with isolated systolic hypertension. The brachial BP-lowering effect of both agents was similar, as was the PWV, while there was an increase in AIx and a higher heart rate in the nebivolol vs the atenolol group. However, aortic PP was significantly lower in the nebivolol group (50 vs 54 mm Hg). In a randomized study by Mahmud et al, 27 the effect of atenolol and nebivolol on brachial BP and PWV was similar in 40 patients with untreated hypertension. However, while atenolol reduced PP, nebivolol's effect on PP was more pronounced, as was its effect on AIx. The possible mechanism for nebivolol's superior effect may include increased levels of nitric oxide associated with the vasodilating effects of the drug.
To further investigate the effects of nebivolol on central pressure and left ventricular wall thickness, Kampus et al 28 conducted a randomized, double-blind study in 80 patients comparing nebivolol with metoprolol succinate. Patients were randomized to either nebivolol 5 mg or metoprolol succinate 50 or 100 mg daily for 12 months. Both beta blockers similarly reduced heart rate, brachial BP, and mean arterial pressure. AIx and PWV remained the same in both treatment groups. However, central aortic BP, PP, and left ventricular septal wall thickness were significantly reduced after 1 year of treatment in the nebivolol treatment group. The change in left ventricular septal wall thickness was correlated with central aortic BP (r = 0.41; P = 0.001) and PP (r = 0.32; P = 0.01). The investigators postulated that the possible beneficial effects of nebivolol may be attributed to the enhanced release of endothelium-derived nitric 
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Adapted from Drugs. 12 ACE indicates angiotensin-converting enzyme; CCB, calcium channel blocker; MCRA, mineralocorticoid receptor antagonist; PWV, pulse wave velocity. FIGURE 1. The diagram describes the effects of arterial stiffness on the pathophysiology of cardiovascular disease. CAF indicates coronary artery flow; CKD, chronic kidney disease; DBP, diastolic blood pressure; HF, heart failure; HFPEF, heart failure with preserved ejection fraction; LEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; MI, myocardial infarction; PP, pulse pressure; SBP, systolic blood pressure.
oxide, and therefore improved endothelial function and reduced arterial stiffness. Although there are differential effects of beta blockers on arterial stiffness, overall, they have generally been shown to be inferior to ARBs, angiotensin-converting enzyme (ACE) inhibitors and CCBs. 29, 30 Diuretics Diuretics have been shown to lower BP both as monotherapy and as an add-on agent. 29, 31 The most commonly used diuretic agent in the United States is hydrochlorothiazide, 32 despite the fact that chlorthalidone has been shown to be more potent, has a longer duration of action, and has been better validated in clinical outcome trials. 33 The effects of diuretics on arterial stiffness measures have not been as well studied as other drug classes. In a small randomized crossover study conducted by Morgan et al 26 with previously untreated essential hypertensive patients, the effect of 25 and 50 mg hydrochlorothiazide on arterial stiffness was assessed after a 4-week treatment phase. Brachial artery SBP was significantly reduced (by 15.2 mm Hg) compared to placebo, whereas changes in AIx were not significant. In a double-blind randomized study of 471 patients with essential hypertension, Asmar et al 34 evaluated low-dose combination treatment with indapamide (0.625 mg) and perindopril (2 mg) compared with atenolol (50 mg). Patients were followed for 12 months, and although both drug regimens resulted in the same diastolic BP (DBP) reduction, the combination of indapamide and perindopril reduced SBP and PP significantly more than atenolol. These studies indicate that diuretics have a rather neutral effect on central BP without any favorable effect on arterial wall composition and arterial stiffness beyond brachial artery BP reduction. Although chlorthalidone is considered the better thiazide-like diuretic compared to hydrochlorothiazide, to our knowledge there are no clinical trials evaluating the effects of chlorthalidone on arterial stiffness.
Calcium Channel Blockers
Long-acting CCBs are safe and established antihypertensive agents. Dihydropyridine-type CCBs like amlodipine not only antagonize the L-type calcium channel, but in animal models also have been shown to have antioxidant effects. 35 
ACE Inhibitors
In most of the conducted randomized studies, ACE inhibitors lower central aortic BP more than brachial artery BP. 29 Possible mechanisms of this beneficial effect on arterial compliance and central BP have been postulated, including a reduction of oxidative stress and inflammation and vasodilation through angiotensin II inhibition, 38 causing smooth muscle relaxation and recomposition of the vessel wall. For example, in a randomized, crossover, placebo-controlled study, 26 the effect of enalapril 20 and 40 mg once daily was compared to perindopril 4 and 8 mg on peripheral and central BP after 4 weeks of treatment. Both treatment arms were similarly independent of the dosage regarding their effect on central BP, while demonstrating a greater reduction of central compared with brachial artery BP (−13.0 vs −8.3 mm Hg) and PP (−9.0 vs −3.9 mm Hg). Both agents also significantly reduced the AIx. In another randomized, double-blind, placebo-controlled, crossover study, Hirata et al 38 investigated the acute change in BP and arterial stiffness in 30 patients with high cardiovascular risk. The investigators observed reduced AIx and arterial stiffness, along with reduced central and brachial artery BP, 5 hours after administration of 10 mg ramipril.
In a randomized, double-blind, controlled study by Jiang et al, 39 101 patients with mild essential hypertension were randomized to either enalapril 10 mg or indapamide 2.5 mg a day. Both agents reduced brachial artery SBP and DBPs, mean arterial pressure, and PP, while the effect on central BP and PP was more pronounced with enalapril. There was also a 5.4% reduction in the enalapril-treated group in pulse wave reflection measured by AIx. The aggregate evidence supports the beneficial effect of ACE inhibitors on central BP and arterial stiffness.
Angiotensin Receptor Blockers
The newer ARBs and their effects on central BP and arterial stiffness have been investigated in only a few studies. Mahmud and Feely 40 investigated the effect of valsartan 80 mg as add-on treatment after 2 weeks in 18 patients with uncontrolled hypertension. The investigators found that valsartan 80 mg significantly reduced brachial and central BP. There was an even more pronounced reduction of central SBP than brachial artery SBP, resulting in a significant increase of the PP amplification (from 8 ± 3 at baseline vs 12 ± 7 at 2 hours to 14 ± 5 mm Hg at 2 weeks, P < 0.01). The augmentation pressure decreased following valsartan. AIx was also significantly reduced from 21 ± 8% at baseline to 11 ± 7% at 2 hours and 10 ± 5% at 2 weeks (P < 0.01). Similar effects were found by Dhakam et al 25 in a double-blind, randomized, crossover study comparing treatment with atenolol 50 mg with eprosartan 600 mg daily in 21 subjects with newly discovered essential hypertension. The investigators found no difference in the reduction of brachial artery BP, mean arterial pressure, and PWV between the 2 regimens. Central BP lowering was significantly more pronounced with eprosartan, and AIx was increased in the atenolol group and decreased in the eprosartan group. The investigators postulated that atenolol's effects on arterial stiffness (in contrast to ARBs) could have been a possible explanation for the failure of atenolol to improve cardiovascular outcomes.
Direct Renin Inhibitors
Increased activity of the renin-angiotensin-aldosterone system has been associated with increased cardiovascular morbidity and mortality in hypertensive patients. It has been shown that antagonizing the renin-angiotensin-aldosterone system improves arterial stiffness and endothelial function. 41 Recently, aliskiren, a direct renin inhibitor, has become available for the treatment of essential hypertension. In animal studies, aliskiren improves vascular function and prevents atherosclerosis. 42 In a pilot study on the effect of aliskiren 300 mg daily in 10 patients with uncomplicated type 1 diabetes mellitus, 43 arterial stiffness was measured by AIx and PWV. Patients were evaluated at baseline and after 30 days of treatment. All measures of arterial stiffness showed improvement, with changes in central SBP of 104 at baseline vs 97 mm Hg, in AIx of 21.7 vs 16.6 mm Hg, and in PWV of 7.4 vs 6.7 m/s. However, there is one note of caution with the use of the direct renin inhibitors separate from the effects on arterial stiffness. The Aliskiren Trial in Type 2
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Cardiology in Review • Volume 20, Number 5, September/October 2012 Diabetes Using Cardiovascular and Renal Disease Endpoints (ALTI-TUDE) was a randomized cardiovascular outcomes trial comparing aliskiren vs placebo added to an ACE inhibitor or an ARB in patients with high-risk type 2 diabetes mellitus. The ALTITUDE data safety and monitoring board stopped the trial due to "… increased risk for nonfatal stroke, renal complications, hyperkalemia, and hypotension in patients taking aliskiren after 18-24 months" and the futility for seeing cardiovascular or renal benefits. 44 This follows the results of the Ongoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial (ONTARGET), 45 which compared the ARB telmisartan to the ACE inhibitor ramipril, or the combination of the 2 in a large cardiovascular outcomes trial of adults at high risk for cardiovascular events [like the Heart Outcomes Prevention Evaluation (HOPE) 46 trial entry criteria]: although ONTARGET showed no difference between the ACE inhibitor and ARB, the combination showed no further cardiovascular benefit but more serious adverse outcomes, especially renal. Therefore, we would discourage using this combination for further BP reduction or for presumed cardiovascular prevention.
Mineralocorticoid Receptor Antagonists
Historically, the nonselective mineralocorticoid receptor antagonist (MCRA) spironolactone has been primarily used as a potassium-sparing diuretic and antiandrogen. Within the last 2 decades, there has been a paradigm shift based on data, suggesting that MCRA is effective in the treatment of hypertension 47 and that it also improves endothelial function and arterial stiffness. 41 Furthermore, these improvements have been shown to be independent of its BP-lowering effect with the postulation that the effects are the result of antagonism of inflammatory and profibrotic pathways. This aforementioned paradigm shift is based on the findings that (1) aldosterone release is driven by additional factors other than its effects on angiotensin alone; (2) the MCR is also activated by cortisol in patients with heart failure and essential hypertension; and (3) aldosterone acts primarily on the vasculature and central nervous system with resultant hypertension. 48 Incidentally, beneficial effects of MCRA blockade in patients with increased arterial stiffness have been found even in patients with low serum aldosterone levels, supporting the hypothesis that aldosterone is only one of the ligands on the MCRA receptor. 48, 49 In the past, the use of MCRA blockade was limited due to side effects. Recently, the selective MCRA eplerenone was developed as an alternative for patients experiencing antiandrogen effects with spironolactone (eg, breast tenderness, gynecomastia, and erectile dysfunction). Mahmud and Feely 48 conducted a randomized single-blind crossover study of untreated essential hypertension in which patients received either 50 mg of spironolactone or 2.5 mg of bendroflumethiazide for 4 weeks. After 1-month crossover washout period, patients received the alternative antihypertensive agent. Brachial SBPs and DBPs were lowered significantly in both groups, but only treatment with spironolactone reduced PWV and AIx, even after correcting for bendroflumethiazide's greater BP reduction. De Souza et al 50 conducted an open-label prospective trial to assess the efficacy of spironolactone on BP reduction and arterial stiffness measured by aortic PWV in 175 resistant hypertensive patients as determined by ambulatory BP monitoring. As to the BP-lowering effect, mean BP reductions of 16/9 mm Hg in ambulatory BP monitoring and 14/7 mm Hg in office BP were observed, with predictors of better BP response being larger waist circumference, lower PWV, and lower serum potassium. A significant change in PWV could be observed in so-called good responders (defined as >10% SBP reduction). The beneficial effects of MCRA on arterial stiffness were also shown with eplerenone in normotensive and mild-to-moderate hypertensive patients by Savoia et al. 51 In a double-blind study, 16 normotensive patients were randomized to either 50 mg of eplerenone or atenolol daily. After 1 year of treatment, BP in both groups was controlled. Interestingly, SBPs and DBPs were lower in the atenolol-treated vs eplerenone-treated group (121.4/79.2 and 129.1/84.5 mm Hg, respectively). In both groups, arterial media/lumen ratio and crosssectional area were unchanged, whereas with eplerenone a reduction in stiffness was observed compared to increased stiffness with atenolol. These observations were independent of BP.
CONCLUSIONS
In conclusion, there is evidence that antihypertensive drug classes may have different effects on arterial stiffness. While ACE inhibitors, CCBs, and MCRAs are beneficial in reducing arterial stiffness and central BP, some beta blockers may have the opposite effects while lowering peripheral BP. However, the majority of studies on beta blockers have investigated the effects of atenolol and there are insufficient data available regarding the effects of vasodilating beta blockers. ARBs seemingly have a beneficial effect on arterial stiffness, with the caveat that results are conflicting and larger studies are needed. Diuretics seem to be neutral, in that they do not seem to affect arterial stiffness and central BP beyond their effects on brachial artery pressure reduction.
Noninvasive measurement of arterial stiffness is a potentially valuable tool in the detection of early vascular changes that precede hypertension and could serve to reinforce early life-style changes and to prevent the development of cardiovascular events, and help to direct the most appropriate antihypertensive therapy. However, most of the studies to date are rather small, and larger studies are needed before the more routine application of these techniques can be recommended.
